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ABSTRACT
We present the detection of Lyα, [O iii] and Hα emission associated with an extremely strong damped Lyman-α (DLA) system
(N(H i) = 1022.10 cm−2) at z = 2.207 towards the quasar SDSS J113520.39−001053.56. This is the largest H i column density ever
measured along a QSO line of sight, though typical of what is seen in GRB-DLAs. This absorption system also classifies as ultra-
strong Mg ii system with Wλ2796r ≃ 3.6 Å. The mean metallicity of the gas ([Zn/H] = −1.1) and dust depletion factors ([Zn/Fe] = 0.72,
[Zn/Cr] = 0.49) are consistent with (and only marginally larger than) the mean values found in the general QSO-DLA population.
The [O iii]-Hα emitting region has a very small impact parameter with respect to the QSO line of sight, b ≈ 0.1′′ (0.9 kpc proper
distance), and is unresolved. From the Hα line, we measure a significant star formation rate SFR ≈ 25 M⊙ yr−1 (uncorrected for dust).
The shape of the Lyα line is double-peaked, which is the signature of resonant scattering of Lyα photons, and the Lyα emission is
spatially extended. More strikingly, the blue and red Lyα peaks arise from distinct regions extended over a few kpc on either side of
the star-forming region. We propose that this is the consequence of Lyα transfer in outflowing gas. The presence of starburst-driven
outflows is also in agreement with the large SFR together with a small size and low mass of the galaxy (Mvir ∼ 1010 M⊙). From putting
constraints on the stellar UV continuum luminosity of the galaxy, we estimate an age of at most a few 107 yr, again consistent with a
recent starburst scenario.
We interpret the data as the observation of a young, gas rich, compact starburst galaxy, from which material is expelled through colli-
mated winds powered by the vigorous star formation activity. We substantiate this picture by modelling the radiative transfer of Lyα
photons in the galactic counterpart. Though our model (a spherical galaxy with bipolar outflowing jets) is a simplistic representation of
the true gas distribution and velocity field, the agreement between the observed and simulated properties is particularly good (spectral
shape and width of the Lyman-α emission, spatial configuration, escape fraction as well as absorption kinematics, H i column density
and dust reddening).
Finally, we propose that selecting DLAs with very high H i column density may be an efficient way to detect star-forming galaxies at
small impact parameters from the background QSO lines of sight.
Key words. quasars: absorption lines – galaxies: ISM – galaxies: high-redshift – galaxies: star formation – quasars: individual:
SDSS J113520.39−001053.56
1. Introduction
Detecting and performing detailed studies of high-z (i.e. z > 2)
galaxies is observationally a challenging task. Several obser-
vational strategies have emerged in the past 15 years, each
of them targeting a subset of the population of high-z galax-
ies –which is named after the selection technique– with some
overlap in their properties. For example, because of their se-
lection in flux-limited surveys, Lyman-break galaxies (LBGs,
Steidel et al., 2003) tend to probe the bright end of the high-
redshift galaxy luminosity function. A fraction of LBGs are
also Lyman-α emitters (LAEs, see e.g. Cowie & Hu, 1998).
⋆ Based on data obtained with MagE at the Clay telescope of the
Las Campanas Observatory (CNTAC Prgm. ID 2011B-90) and X-
shooter/UVES at the Very Large Telescope of the European Southern
Observatory (Prgm. ID 286.A-5044 and 385.A-0778).
However, as most LAEs are selected from the Lyα emission
line, they tend to sample lower luminosities better than colour-
selected LBGs (Fynbo et al., 2003; Kornei et al., 2010). Indeed,
recent deep searches of LAEs seem to have reached the faint
end of the high-z luminosity function (e.g. Rauch et al., 2008;
Grove et al., 2009).
In turn, the detection of damped Lyman-α systems (DLAs)
in absorption against bright background sources (such as quasars
or gamma ray burst (GRB) afterglows) has the major advan-
tage that it does not depend on the luminosity of the asso-
ciated galaxies but on the cross-section of the neutral gas.
These systems are selected from their large neutral hydro-
gen column densities, N(H i) ≥ 2 × 1020 cm−2 (Wolfe et al.,
1986) and represent the main reservoir of neutral hydrogen
at high redshift (e.g. Noterdaeme et al., 2009b). The presence
of associated heavy elements (e.g. Prochaska & Wolfe, 2002)
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and molecules (e.g. Petitjean et al., 2000; Ledoux et al., 2003;
Noterdaeme et al., 2008), the evolution with redshift of the H i
mass density in DLAs (Pe´roux et al., 2003; Prochaska et al.,
2005; Noterdaeme et al., 2009b) and the detectability of DLAs
over a wide range of redshift make them the appropriate labora-
tories for studying the cosmological evolution of star formation
activity in a luminosity-unbiased way.
Although observational studies of DLAs have been pursued
over 25 years, an important question that remains unanswered
yet is the connection between DLAs and star-forming galaxies.
Because of their selection, most DLA galaxies probably lay on
the faint end of the luminosity function (e.g. Fynbo et al., 2008).
Nevertheless, DLA galaxies can provide substantial contribu-
tions to the global SFR density at high redshifts (Wolfe et al.,
2003; Srianand et al., 2005; Rauch et al., 2008; Rahmani et al.,
2010). In addition, it has long been debated whether the kine-
matics of the absorbing gas, studied through the velocity pro-
files of metal absorption lines, is more representative of that of
large rotating galactic discs (Prochaska & Wolfe, 1997) or small
low-mass galactic clumps (Ledoux et al., 1998) that build up hi-
erarchically galaxies known today (e.g. Haehnelt et al., 1998).
The detection of DLA galactic counterparts is therefore of first
importance to shed light on the nature of DLAs.
Until recently, searches for direct emission from high red-
shift intervening DLA galaxies have resulted mostly in non-
detections (e.g. Bunker et al., 1999; Kulkarni et al., 2000, 2006;
Lowenthal et al., 1995; Christensen et al., 2009, as well as sev-
eral unpublished works) with few cases spectroscopically con-
firmed through the detection of Ly-α emission (Møller et al.,
2002, 2004). Thankfully, improved selection strategies have
emerged from the understanding that correlations between
metallicity, mass and luminosity observed for field galaxies
also apply to DLA galaxies (Møller et al., 2004; Ledoux et al.,
2006; Fynbo et al., 2008). This led to several new detections
(Fynbo et al. 2010, 2011, Krogager et al., in prep).
In this paper, we present an interesting case with the de-
tection of Lyα, Hα and [O iii] emission associated with an
extremely strong DLA system at z = 2.207 towards the
quasar SDSS J113520.39−001053.56 (hereafter J1135−0010).
In Sect. 2, we detail our observations performed with MagE and
X-shooter and describe UVES data retrieved from the archive.
The properties of the absorbing gas along the QSO line of sight
are studied in Sect. 3. We analyse and discuss the emission prop-
erties of the galaxy in Sect.4. We use radiative transfer (RT)
modelling of the galactic Lyα emission to test our results in
Sect. 5. Finally, we present our conclusions in Sect. 6. In this
work, we use standard ΛCDM cosmology with ΩΛ = 0.73,
Ωm = 0.27 and H0 = 70 km s−1 Mpc−1 (Komatsu et al., 2011).
2. Observations and data reduction
2.1. Clay/MagE
We observed J1135−0010 (zem = 2.89) on February 12,
2011 with the Magellan Echellette spectrograph (MagE;
Marshall et al., 2008) mounted on the 6.5 m Clay telescope
at Las Campanas Observatory. MagE is a moderate-resolution
long-slit spectrograph covering at once the range 300 nm to
1 µm. The spectrograph has been designed to have excellent
throughput in the blue with an overall efficiency (telescope plus
instrument) higher than 15% at 3900 Å. In spite of very bad
weather conditions, we could obtain a 1 h spectrum of the quasar
with a slit width of 2 arcsec (the length is fixed to 10 arcsec).
This allowed us to cover a 17×85 kpc region around the QSO
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Fig. 1. Portion of the 2D MagE spectrum. The double peaked
Lyman-α emission is clearly seen in the DLA trough, where the
flux of the quasar is completely absorbed. The dashed lines show
the interpolated QSO trace in this region.
(proper distance at z = 2.207) in a single exposure. We detected
a double-peaked Lyman-α emission at the systemic velocity of
metal absorption lines (see Fig. 1). The significance of the de-
tection (using a 30×15 pixels aperture) is above 7σ for each
peak independently. From Fig. 1 it is also clear that the emis-
sion falls well within the extent of the QSO trace, indicating a
small impact parameter (< 1 arcsec). Unfortunately, the bad ob-
serving conditions prevented us from obtaining additional spec-
tra of this target at other slit angles and/or narrower slit width.
Nevertheless, the detection in a single exposure demonstrates
that MagE is particularly well suited to search for faint Lyα
emission at high redshift. The length of the slit and the good
spatial sampling (0.3 arcsec/pixel) allows one to efficiently cover
the expected position of DLA galaxies as well as to measure their
impact parameter using spectra obtained at 2-3 slit position an-
gles (see e.g. Fig. 1 of Fynbo et al., 2010). Similar searches with
MagE are probably also possible even further in the blue, close
to the atmospheric cutoff.
2.2. VLT/X-shooter
Follow-up observations were performed in service mode with
X-shooter (Vernet et al., 2011) at the European Southern
Observatory (ESO) Very Large Telescope (VLT). The observa-
tions were performed under good seeing (0.6 − 0.8 arcsec), at
low airmass, and in dark time (new moon) on May 1st and 2nd,
2011 using Director Discretionary Time. X-shooter covers the
full wavelength range from 300 nm to 2.5 µm at intermediate
spectral resolution thanks to the simultaneous use of three spec-
troscopic arms (UVB, VIS and NIR). Therefore, X-shooter is a
suitable instrument not only for detecting Lyα down to the atmo-
spheric cutoff, but also for detecting rest-frame optical lines (this
work and Fynbo et al. 2010, 2011). We used the long-slit mode
to observe the quasar at three position angles (PAs) for slightly
more than 1 h each. To optimise the sky subtraction in the NIR,
the nodding mode was used following a ABBA scheme with a
nod throw of 5 arcsec and an additional jitter box of 1 arcsec.
The log of the X-shooter observations is given in Table 1.
The 2D and 1D spectra were extracted using the X-shooter
pipeline v1.3.7 (Goldoni et al., 2006). We remarked a constant
0.5 pixel shift for exposures from the VIS arm (resp. UVB) to-
wards redder (resp. bluer wavelengths)1. The shift was clearly
apparent in the overlapping UVB-VIS region and by comparing
both UVB and VIS spectra with a high-resolution UVES spec-
trum (see below) of the same object. This was further confirmed
by comparing the observed (VLT rest-frame) wavelengths of tel-
luric absorption lines (at ∼ 7000, 7600 and 9400 Å) with a syn-
1 This could originate from a thermal drift between calibration and
science exposures, combined with possible flexure residuals or from a
problem with the current X-shooter pipeline.
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thetic spectrum from HITRAN (Rothman et al., 2005). Although
this has little consequence on the science results, we corrected
the wavelength scales accordingly.
The 1D spectra were then combined altogether using a slid-
ing window and weighting each pixel by the inverse of its
variance. The spectrum has been corrected for relative spec-
tral response of the instrument using standard stars as refer-
ence. Subsequent constant rescaling of the UVB and VIS spectra
was necessary to match the SDSS spectrum. The NIR spectrum
was scaled to match the VIS spectrum in the overlapping region
around 1µm. We then corrected the overall spectrum for Galactic
extinction using dust map from Schlegel et al. (1998). The ob-
served flux at λeff = 1.235µm corresponds very well (within
10%, see also Fig. 6) to the J-band magnitude extracted from
2MASS images (J = 17.19, Schneider et al., 2010).
The spectral resolution of the combined spectrum in the vis-
ible, R ≈ 9700, was measured directly from the width of tel-
luric absorption lines. This is higher than the nominal resolution
expected for the setting used (Rnom = 6700) and is due to the
seeing being smaller than the slit width. We estimated the UVB
and NIR resolution following Fynbo et al. (2011) and obtained
R ≈ 5200 and R ≈ 7100, respectively. We checked that the res-
olution in the UVB is consistent with the width of the narrowest
lines in the spectrum.
2.3. VLT/UVES
Finally, we retrieved a single 4760 s exposure high-resolution
spectrum from the ESO archive (Prgm. ID.: 385.A-0778(A), PI:
C. Pe´roux), which was obtained using the VLT Ultraviolet and
Visual Echelle Spectrograph (UVES; Dekker et al., 2000) with
both blue and red arms with Dichroic 1 and a binning 1 × 1. We
reduced the spectrum using the UVES pipeline v4.9.5 based on
the ESO Common Pipeline Library system. The seeing varied
between 1.01 and 1.37′′ during the exposure, yielding a resolv-
ing power of R ≈ 47 250 in the blue and R ≈ 44 300 in the
red with the slit width of 1′′. The signal-to-noise ratio of the
UVES spectrum is S/N≈6 per pixel at 5000 Å, i.e. more than a
factor of 10 lower than the SNR in the X-shooter spectrum at
the same wavelength. However, its spectral resolution is about
5 times higher. While most of the paper is based on X-shooter
data, the availability of a UVES spectrum will help us to check
the velocity spread and structure of the absorption lines as well
as detect saturation of the latter.
3. Properties of the absorbing gas
In this section, we study the properties of the absorbing gas
along the QSO line of sight. We analysed the DLA system at
z = 2.207 towards J1135−0010 using standard Voigt-profile
fitting techniques to derive the column densities of different
species. Atomic data were taken from Morton (2003) and abun-
dances are given with respect to solar values (Asplund et al.,
2009) with [X/H] ≡ log(X/H) − log(X/H)⊙.
3.1. Neutral gas content
From fitting the damped Lyman-α absorption line, we mea-
sure the total column density of atomic hydrogen to be
log N(H i)(cm−2) = 22.10 ± 0.05 (see top panel of Fig. 2).
Though the exact placement of the QSO continuum is some-
what complicated by the presence of the QSO Ly β+O vi emis-
sion line, the H i column density is very well constrained by the
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Fig. 2. Top: One dimensional X-shooter spectrum around the
DLA region (black). The best Voigt-profile fit of the DLA ab-
sorption is over-plotted in red together with the associated er-
ror (dotted red). The unabsorbed QSO continuum is represented
by the dashed grey curve. Note the presence of the Ly β+O vi
emission line at λ ∼ 4020 Å (indicated by a short vertical line).
Middle: The corresponding three two-dimensional spectra. From
top to bottom: PA=0◦,60◦and -60◦. The short vertical segment
indicates the spatial scale of the y-axis. Bottom: The three 1D
spectra in the region around the double-peaked Ly-α emission
(green: PA=0◦; blue: PA=60◦; red: PA=-60◦).
core of the DLA profile. This is the largest H i column density
ever measured in a QSO absorber at high-z.
3.2. Metal and dust content
Absorption lines from S+, Si+, Fe+, Zn+, Ni+, Cr+ and Mn+
are detected spread over ∼ 180 km s−1 around zabs = 2.207 in
the X-shooter spectrum. Five components were used to model
the observed absorption lines. The continuum was fitted locally
around each absorption line using low order splines over un-
absorbed regions. The results from the simultaneous multiple
Voigt-profile fitting are presented in Fig. 3 and Table 2. Note
that, because of the lower spectral resolution in the UVB arm
(R ∼ 5200) compared to the VIS arm (R ∼ 9700), the over-
all profile appears smoother for absorption lines in the UVB
(S iiλλ1250,1253, Fe iiλ1611 and Ni iiλλλ1709,1741,1751).
Measuring column densities using medium-resolution spec-
troscopy may lead one to underestimate the true values since
saturation of the lines can be easily hidden and the velocity de-
composition of the profile may be too simplistic. The availability
of a high-resolution UVES spectrum in the ESO archive pro-
vides a good opportunity to check the values derived here. We
performed an independent analysis of the UVES spectrum to
measure the column densities of the metals. The high-resolution
velocity profile (see Fig. 4) presents well separated clumps as
inferred from the X-shooter spectrum (see Fig. 3). The total col-
umn densities obtained using UVES are given in the last column
of Table 2. The agreement between the X-shooter and UVES
values is pretty good, the highest deviation being 0.19 dex for
N(Si ii) which is affected by saturation effects undetected in
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Table 1. Log of X-shooter observations
PA Observing date DIMM seeing Air Mass Exposure time (s)
(arcsec) UV Vis NIR
0◦ 01/05/2011 0.76±0.06 1.1 4×1000 4×965 4×2×480
60◦ 01/05/2011 0.59±0.07 1.2 4×1000 4×965 4×2×480
−60◦ 02/05/2011 0.80±0.09 1.1 4×1000 4×965 4×2×480
the X-shooter spectrum. The UVES-derived value could also
be underestimated since saturation of Si iiλ1808 is also visible
at high resolution. For other species (except S ii which is also
likely saturated), the better defined continuum in the X-shooter
spectrum and the availability of several lines (e.g. Mg iλ2852,
Fe iiλλ2249,2260, not covered by UVES) may compensate the
lower spectral resolution. Therefore, while medium spectral res-
olution may generally lead to an underestimation of the column
densities, here, X-shooter provides rather accurate values. Mg ii
lines are heavily saturated with a very large equivalent width
(Wλ2796r ≃ 3.6 Å), making the system eligible as Ultra-Strong
Mg ii system (USMg ii; Nestor et al., 2007).
The overall DLA metallicity is found to be [Zn/H] ≈
−1.1, which is typical of the overall population of DLAs
(Prochaska & Wolfe, 2002). Interestingly, the zinc and hydro-
gen column densities measured here place the DLA close to the
observational limit proposed by Prantzos & Boissier (2000) be-
yond which the quasar would be too attenuated to be observable
(see also Boisse´ et al., 1998; Vladilo & Pe´roux, 2005).
The presence of dust can be inferred from the depletion
factors of iron, manganese, nickel and chromium compared to
zinc: [Zn/Fe] = 0.72, [Zn/Cr] = 0.49, [Zn/Mn] = 0.79 and
[Zn/Ni] = 0.61. These values are marginally higher than the
typical values found in DLAs (see e.g. Noterdaeme et al., 2008)
and in-between the values found in warm neutral gas in the
Galactic disk and the Halo (Welty et al., 1999). Similar deple-
tion pattern have been observed along gas-rich lines of sight in
the SMC (Welty et al., 2001). Interestingly, this depletion pat-
tern is also very similar to that found in the strong DLAs at
zabs = 2.4 towards HE 0027−1836 (Noterdaeme et al., 2007)
and at zabs = 3.3 towards SDSS J081634+144612 (Guimara˜es
et al., submitted), both of which have very large H i col-
umn densities (log N(H i) = 21.75 and 22.0, respectively).
Excess of UV flux from local star formation activity was in-
ferred in the case of HE 0027−1836 from the excitation of
H2 lines. SDSS J081634+144612 is also an H2-bearing DLA.
Unfortunately, in the case of J1135−0010, H2 lines fall blue-
wards of the Lyman-break from a Lyman-limit system at zabs =
2.878. In addition, CO lines are not detected.
3.3. Dust reddening
Having established that some dust is present in the system –
with a relative abundance quantified by the depletion factor–
we can now study the integrated effect of this dust along the
line of sight. The median g − r colour for a control sample of
222 non-BAL QSOs with i < 19.5 and similar redshift (within
∆z = ±0.03 around zem = 2.891) is 〈g − r〉 = 0.20 with a dis-
persion of 0.08 mag (see Fig. 5). J1135−0010 is among the 2%
redder QSOs with g− r = 0.54. This means that the significance
of J1135−0010 being redder than the average is between 2.4σ
(face value, assuming the red tail of the colour distribution is
only due to intrinsic spectral shape variation) and 4.2σ (consid-
ering the dispersion of 0.08 mag around the median value, i.e.
that other QSOs in the red tail are also reddened by intervening
systems2).
We can also measure the reddening of the QSO light
by the intervening DLA following the technique described in
Srianand et al. (2008) and Noterdaeme et al. (2010a): The ob-
served X-shooter spectrum is reasonably well matched with a
QSO composite (Telfer et al., 2002), reddened by an SMC ex-
tinction law (Gordon et al., 2003) with AV = 0.11 mag or
E(B−V) ∼ 0.04. This is higher than the mean value for the over-
all DLA population (Frank & Pe´roux, 2010; Khare et al., 2011).
However, because of the large column density, the extinction-
to-gas ratio AV/N(H i) ≈ 9 × 10−24 mag cm2 is lower than the
mean value for DLAs (AV/N(H i) ≈ 2 − 4 × 10−23 mag cm2;
Vladilo et al., 2008) whereas the depletion factors are only
slightly above typical DLA values. This could be the conse-
quence of a non-uniform distribution of dust in the H i gas. It
seems that in the present system, the relative abundance of dust
is quite typical of the overall DLA population (i.e. low), but
its large column density produces a detectable reddening of the
background QSO.
Similarly, the quasar Q 0918+1636 is reddened by a fore-
ground DLA galaxy (Fynbo et al., 2011). In that case molec-
ular hydrogen is detected –a clear indication for the presence
of dust (Ledoux et al., 2003; Noterdaeme et al., 2008). These
examples of dust attenuation of the background quasar rein-
force the view that optically-selected QSO samples may be
biased against lines of sight passing through the inner (gas-,
molecular- and metal-rich) regions of foreground galaxies (e.g.
Noterdaeme et al. 2009a, 2010a).
In conclusion, the large amount of neutral gas, the metallicity
and the dust depletion pattern in the DLA towards J1135−0010
are all similar to what is seen along SMC lines of sight
(Tumlinson et al., 2002; Welty et al., 2001). Interestingly, the
latter is a vigorous star-forming dwarf galaxy.
4. Properties of the DLA galaxy
4.1. Impact parameter and star formation rate
In addition to the double-peaked Lyα emission (see Figs. 1 and
2), we detect [O iii]λλ4959,5007 (Fig. 7) and H-α (Fig. 8) at the
three position angles. Unfortunately, because the H-β line falls
on a sky emission line, we could not measure its strength. The
[O ii]λ3727 doublet is not detected but a stringent upper limit
on the corresponding flux can be derived from the data (see
Table 3).
By triangulating the position of the [O iii]λ5007 emission
with respect to that of the QSO trace (as done by Møller et al.
2004 and Fynbo et al. 2010), we measure precisely the impact
parameter between the QSO and the galaxy (see Fig. 9). We note
that while only two slit angles would suffice to determine the po-
sition of the galaxy emission, the use of three different position
2 Note that errors from the SDSS photometric calibrations are less
than 0.02 mag.
4
PN et al.: Discovery of a compact gas-rich DLA galaxy at z = 2.2: evidences for a starburst-driven outflow
Table 2. Column densities in individual components and mean abundances of the DLA
Species log N (cm−2)a
X-shooter X-shooter UVES
zabs=2.2059 zabs=2.2063 zabs=2.2068 zabs=2.2073 zabs=2.2077 Total Total
Mg0 11.79±0.06 12.49±0.01 12.81±0.01 12.87±0.04 12.21±0.04 13.28±0.02 13.22±0.19
Si+ 15.68±0.04 15.73±0.05 15.74±0.03 15.76±0.03 14.48±0.17 16.34±0.02b 16.53±0.04b
S+ 15.35±0.10 15.18±0.14 15.82±0.12 15.70±0.16 16.19±0.08b
Cr+ 13.42±0.04 13.54±0.03 13.48±0.02 13.61±0.02 12.65±0.11 14.13±0.01 14.14±0.01
Mn+ 12.77±0.04 12.92±0.03 13.01±0.01 13.12±0.02 12.58±0.05 13.62±0.01
Fe+ 14.98±0.04 15.23±0.02 15.12±0.01 15.22±0.01 14.29±0.09 15.76±0.01 15.84±0.03
Ni+ 13.83±0.05 14.01±0.04 13.94±0.03 14.06±0.03 13.11±0.16 14.59±0.02 14.59±0.05
Zn+ 12.71±0.04 12.77±0.04 13.02±0.02 13.09±0.02 12.08±0.12 13.54±0.01 13.60±0.01
Notes. (a) Quoted errors are rms errors from fitting the Voigt profiles. (b) These values are likely underestimated due to saturation effects.
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angles nicely confirms the location, in spite of the impact pa-
rameter being much smaller than the seeing. The small impact
parameter (b ≈ 0.1′′, corresponding to 0.9 kpc at z = 2.207)
explains the almost equal emission line strengths measured at
different PA (hence no differential slit losses) and the absence of
detectable velocity shift between [O iii] emission line measure-
ments at different PAs (that would result from different locations
with respect to the slit axis). Finally, the spatial extent of the
[O iii] emission equals that of the QSO trace within errors for
PA=0 and +60◦, and is marginally larger than the QSO trace
for PA=−60◦. This indicates that the [O iii] emission is compact,
with some spatial elongation of FWHM ∼ 0.3 arcsec in the−60◦
direction. The Hα emission is also spatially unresolved and con-
sistent with FWHM <∼ 0.3 arcsec. From the unresolved (or only
barely resolved) [O iii] and Hα emission, the very small impact
parameter and the good seeing (see Fig. 9), it is also clear that
slit losses are negligible.
Table 3 presents the line fluxes measurements. From the lu-
minosity of the Hα line, we derive a significant star formation
rate of about 25 M⊙ yr−1 (uncorrected for dust), adopting the
SFR-luminosity calibration from Kennicutt (1998).
Because the most sensitive key emission line diagnostics
(e.g. R23; [N ii]/Hα) cannot be used here, there is some degen-
eracy between the measurement of the ionisation parameter and
the metallicity of the emitting region. However, the strict lower
limit on the [O iii] to [O ii] ratio indicates a high ionisation pa-
rameter q > 5 × 107 cm s−1 (fig. 5 of Kobulnicky & Kewley,
2004) and the low Hα to [O iii] ratio therefore indicates a metal-
licity in the range 0.1 − 0.5Z⊙ (see fig. 9 of Weatherley et al.,
2005). The metallicity in the absorbing gas is found at the low
end of this range, but the impact parameter is too small to in-
terpret this as a gradient (see e.g. Pe´roux et al., 2011). We note
however that the two metallicities do not apply to the same
phase (ionised versus neutral) and that H i gas arise in several
clouds, some of which (possibly infalling) are likely to have a
metallicity smaller than in the star-forming region. Interestingly,
the high q-value agrees well with the typical value for LBGs
(e.g. Pettini et al., 2001) and active compact starburst galaxies
(Martin, 1997). The high excitation of [O ii] places indeed the
DLA galaxy in a region of the [O iii]/[O ii] vs [N ii]/[O ii] dia-
gram mostly populated by blue compact galaxies, metal poor
galaxies and GRB host galaxies (fig. 5 of Levesque et al., 2010).
4.2. The double-peaked Lyα emission
The Lyα emission is characterised by an almost-symmetric
double-peak profile which is detected in the DLA trough in each
UVB spectrum (all three position angles, see Fig. 2). Several
physical processes can produce Lyα radiation at comparable
levels: i) star formation activity, ii) Lyman-α fluorescence in-
duced by the UV background or the QSO (Spitzer, 1978), iii)
cooling radiation (e.g. Dijkstra et al., 2006b) due to the release
of part of the gravitational energy from infalling gas into Lyα
radiation (this is more likely to take place if the galaxy is mas-
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Fig. 3. Velocity plots of metal absorption lines detected in our
X-shooter spectrum. Voigt profile fitting of the lines is repre-
sented by the red curve. The origin of the velocity scale is set
to z = 2.2066. Note that Zn iiλ2062 is blended with Cr iiλ2062
and Zn ii2026 is blended with Mg iλ2026. S iiλ1253 is partially
blended with an intervening absorption line from the Lyα forest.
sive). When only Lyα is detected, it is not straightforward to
identify the astrophysical origin of the emission (see discussion
in Rauch et al., 2008). Here, since we detect other lines –from
which we derive a high star formation rate– most Lyα photons
seemingly originate from star formation activity.
The velocity spread of the Lyα line is much larger than that
of Hα and [O iii] (Fig. 10). This can be understood as the nat-
ural consequence of radiative transfer through optically thick
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Fig. 4. Velocity plots of metal absorption lines (UVES). The ver-
tical dashed lines indicate the position of the components as de-
rived from the X-shooter spectrum. The zero velocity scale is
defined as in Fig. 3.
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Fig. 5. SDSS g − r colour distribution for a control sample of
222 non-BAL QSOs at redshift close to that of J1135−0010 and
i < 19.5. The arrow indicates the location of J1135−0010. The
vertical dashed line marks the median g − r value. The dotted
line gives the best fitted Gaussian distribution.
H imedium (e.g. Zheng & Miralda-Escude´, 2002; Dijkstra et al.,
2006a): because Lyα photons need to scatter out of the line cen-
tre in order to escape their emission region, we can expect an
extended double-peaked profile. However, in practice, the re-
sulting profile is a complex convolution of the input spectrum,
the velocity and density fields as well as the turbulent and ther-
mal motions. Qualitatively, in case of an homogeneous, isotropic
expanding shell around the source, the blue peak is severely di-
minished because Lyα photons with higher frequencies are seen
in the resonant frequency by the outflowing gas in the observer’s
direction. Lyα photons can nevertheless escape being redshifted
by back-scattering, producing a red peak. This is probably the
case for the Lyα emission associated to the zabs = 2.35 DLA
towards Q 2222−0946 (Fynbo et al., 2010). Conversely, the red
peak is diminished in case of infalling gas.
Here, the double-peaked profile could be more represen-
tative of a quasi-static medium around the emitting source
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Table 3. Emission line properties
Line Flux Luminosity Derived
(10−17 erg/s/cm2) (1042 erg/s) quantities
Lyα 14.3±0.5 5.6±0.2 fesc = 0.2(a)
[O ii]λ3727 < 3.3 (3σ) < 1.3
[O iii]λ4959 3.0±0.7 1.2±0.3
[O iii]λ5007 12.3±0.9 4.8±0.4 q (cm s−1) ∼ 108
Hα 8.2±2.1 3.2±0.8 SFR (M⊙ yr−1) = 25±6(b)
Notes. Quoted errors are measurement errors and do not include sys-
tematic uncertainties from the flux calibration. (a) Escape fraction as-
suming case B recombination, i.e. L(Ly-α) = 8.7L(H-α). (b) SFR is not
dust-corrected and derived using the calibration from Kennicutt (1998).
(Verhamme et al., 2006). However, in this scenario, we would
expect that Lyα photons with different frequencies are seen
coming from the same projected region, i.e. that the spatial lo-
cations of the red and blue peaks coincide. We will see further
(Sect. 4.3) that this is not the case. Another possibility is the
presence of scattering gas with high velocities in an anisotropic
configuration. This can be the case for collimated winds or
streams of infalling gas. Considering the spectral shape of Lyα
emission in a sample of high-z UV-selected star-forming galax-
ies (with properties very similar to that studied here), Kulas et al.
(2012) also conclude that the Lyα emission reveals complex
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Fig. 9. Layout of the X-shooter slits. The position of the QSO
is marked by the cross. The blue circles illustrate the seeing for
each observation, measured from the QSO trace at 1.6 µm. The
dotted lines mark the 2σ regions for the measured impact pa-
rameter of [O iii]λ5007 for each PA. The triangulation gives an
impact parameter b ≃ 0.1′′ East from the QSO.
velocity structures that cannot be reproduced with simple shell
models. It is therefore important to study the kinematics of the
emitting and scattering regions in order to understand the shape
of the Lyα profile as well as its spatial and velocity spread.
The velocity dispersion of the emitting galaxy can be in-
ferred from the spectral width of the [O iii] and Hα emission
lines3 and is about FWHM∼120 km s−1. This provides an esti-
mate of the projected rotational/dispersion velocity of the galaxy,
though we note that turbulent motion in the star formation re-
gion can contribute to the width of the line. Nevertheless, the
measured [O iii] velocity width is also consistent with the ve-
locity spread of metal absorption lines (see Fig. 10). Using X-
ray data, Martin (1999) have estimated that gas will escape
through starburst-driven galactic winds from galaxies with vrot <
130 km s−1. The velocity measured here would therefore favour
a wind scenario. In that case, as discussed above, the outflowing
gas must be ejected anisotropically to preserve the blue and red
peaks. Interestingly, from the UVES spectrum, two C iv compo-
nents are seen detached from the main profile at v ∼ 250 km s−1.
These detached high-ionisation components likely arise from
outflowing gas (see e.g. Fox et al., 2007a,b).
Another observational constraint comes from the Lyα es-
cape fraction. From the Lyα/Hα ratio, we observe fesc ∼
20%, considering case B recombination theory (Brocklehurst,
1971). Such a high escape fraction is intriguing given the
high H i-column density measured close to the star-forming
region. This suggests that Lyα photons escape efficiently
along particular directions with low column densities (e.g.
Tenorio-Tagle et al., 1999; Mas-Hesse et al., 2003), high veloc-
ity gradients (Kunth et al., 1998; ¨Ostlin et al., 2009; Atek et al.,
2008) and/or bounce off of the surface of dense clouds in a
3 These lines are resolved at the spectral resolution of about 40 km s−1
in the NIR.
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clumpy medium (e.g. Neufeld, 1991; Atek et al., 2009). Finally,
we note that absorption by the intergalactic medium (IGM)
could in principle still affect the blue peak of the Lyα emission.
However, Laursen et al. (2011) showed that the consequences of
intergalactic Lyα transmission are important only for z > 3.5,
where the Lyα forest is denser.
4.3. Spatial configuration and mass
In Fig. 11, we compare the location and extension of the Lyα
emission along the slit with the spectral PSF, obtained from fit-
ting the QSO trace in the same wavelength region. We measure
the positions of the blue and red peaks along each slit (for each
PA) by fitting Gaussian profiles to the corresponding Lyα emis-
sions. The triangulation strongly constrains the location of the
centroid of the red and blue emitting regions (see Fig. 12). As
for [O iii], the three constraints from the different PAs intersect
well in a single small region. Interestingly, the centroid of the
blue and red emissions do not coincide and are found on each
side of the location of the [O iii] emission.
From Fig. 11 it is also clear that the Lyα emission is wider
than the seeing. While the observed spatial profile is the con-
volution of the spectral PSF and the actual brightness profile,
we found that this can be well reproduced by a simple Gaussian
model. We then deconvolved the observed profile and obtained
the spatial extend of the emission for each PA. The results are
shown in Fig. 12 as dotted polygons which are the intersection
of the FWHMs along each PA. These regions where Lyα pho-
tons are detected are then well fitted by ellipses.
The observed configuration can be explained if the QSO line
of sight passes through the inner gas-rich parts (possibly disc)
of a compact galaxy with a radius of the order of ∼ 3 kpc (as
constrained by the spatial extent of the [O iii] emission). The
expansion of a starburst-driven super-bubble is quickly stopped
in the dense gas region, and naturally shape bipolar outflows
(e.g. Veilleux et al., 2005, and references therein). Lyα photons
arising from the vigorous star formation region escape preferen-
tially in the wind directions where the column densities are lower
(Heckman et al., 2001) and scatter off collimated outflowing gas
(with velocities of the order of at least several 100 km s−1, as
inferred from the detached C iv absorption components). This
would produce the two distinct observed Lyα emission regions.
We will test this picture in Sect. 5.
Considering a DLA galaxy half-light radius of a few kpc
(see Sect. 4.1), the velocity dispersion (measured in Sect. 4.2)
provides us with a rough estimate of the virial mass of the
galaxy to be of order of 1010 M⊙, similar to that of the SMC
(e.g. Bekki & Stanimirovic´, 2009). The DLA studied here seems
therefore to arise from an intermediate mass galaxy. The mass
of neutral gas within the galaxy radius can also be estimated
–at best at the order of magnitude level– to be a few 109 M⊙
(considering a uniform column density over a projected region
of a few kpc2). Simulations have revealed the existence of an
anti-correlation between the mass of the galaxy and the escape
fraction (see e.g. Fig. 9 of Laursen et al., 2009b). According to
these simulations, the low virial mass of the DLA galaxy here is
well consistent with the large Lyα escape fraction. Finally, the
high star formation rate and the low virial mass are favourable to
starburst-driven outflowing winds (e.g. Samui et al., 2008).
There are evidences that strong Mg ii systems are associated
to star-forming galaxies at intermediate redshifts. For example,
the correlation between the [O ii] luminosity and the Mg ii equiv-
alent width (Noterdaeme et al., 2010b) indicates that stronger
Mg ii systems are found closer to their host galaxy. While this
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Fig. 10. Velocity plots of absorption lines (normalised spectra,
top three panels) compared to that of emission lines (continuum-
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Fig. 11. Observed spatial profiles of the Lyα emission. The red
and blue profiles correspond to integrations of the emission over
the velocity ranges [-500,0] and [200,700] km s−1 (see Fig. 10),
respectively. The dotted curves are Gaussian fits to the observed
profiles. The dashed profile illustrates the spectral PSF, obtained
from fitting the QSO trace.
correlation does not necessarily imply the presence of winds (see
Lo´pez & Chen, 2012), Nestor et al. (2011) observed an associa-
tion between the most extreme absorbers and starburst galaxies.
These authors further showed that galactic outflows are neces-
sary to account for their large velocity spread. Therefore, the ex-
tremely large Mg ii equivalent equivalent width measured here
could further support an association with a starburst galaxy.
This is also in agreement with the suggestion by Bouche´ et al.
(2011) that strong Mg ii absorbers could trace star formation-
driven winds in low-mass haloes (Mh ≤ 5×1010M⊙). Indeed, the
Mg ii profile is spread beyond the bulk of low-ionisation metals
and, as seen for C iv, presents detached components that likely
arise from the low column density outflowing gas (see Fig. 10).
4.4. Stellar continuum
We can obtain further information on the nature of the DLA
galaxy by constraining its stellar UV continuum at the bot-
tom of saturated Lyα lines at z ≥ zgal. These lines arise from
IGM clouds that are located behind the galaxy and therefore
completely absorb the quasar flux but not that of the galaxy.
Conversely, saturated Lyα lines at z < zgal absorb in turn pho-
tons from both the QSO and the galaxy at the corresponding
wavelength. In order to check the accuracy of the sky subtrac-
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Fig. 12. Summary of the spatial configuration. The QSO loca-
tion is marked by the plus sign (+). The location of the [O iii]
emission is marked by a green asterisk. The red and blue dotted
polygons illustrate the spatial FWHM for the red and blue peaks
(see Fig. 10) as shown in Fig. 11. The spatial FWHM extent of
Lyα peaks is then fitted with ellipses. Triangulating the impact
parameters for each PA provides the location of the centroids
(×). Solid black lines represent the layout of the three slits. Top
and right axis provide the physical projected distance in proper
units at z = 2.207.
tion, we measured the mean residual zero-flux level at the bot-
tom of a saturated line at λ ≈ 3792 Å (i.e. at z < zgal) to be
0.8 ± 7.0 × 10−19 erg s−1 cm−2 Å−1.
In Fig. 13, we plot portions of the X-shooter spectrum around
saturated Lyα lines at z ≥ zgal (including the red side of the
DLA line as in Møller et al. 2004). While the UVES spectrum
is far too noisy4 to detect the Lyα emission –and a fortiori
the continuum–, we used its higher spectral resolution to con-
firm that the lines are truly saturated and not blends of lines.
In the figure, we compare the X-shooter line-flux residuals with
the LBG composite spectrum from Kornei et al. (2010) scaled
to match the observed Lyman-α flux. The observed continuum
flux is lower than what is expected from a typical Lyman-break
galaxy with the same Lyα flux, or equivalently, the Lyα equiva-
lent width is larger in the DLA galaxy than in the LBG compos-
ite. This could indicate that the DLA galaxy has a more recent
stellar population than typical LBGs, as expected in the case of a
young starburst galaxy. If the star formation is recent in the DLA
galaxy, we can expect that it has not yet reached the plateau in
the luminosity at ∼ 1500 Å (with contribution from both massive
and intermediate-mass stars) but that it has a higher relative flux
further in the UV (mostly from massive-stars), which triggers
the Hα line.
Using starburst99 (Leitherer et al., 1999), we estimate that
the stellar UV luminosity of the galaxy would reach about
7 × 1041 erg s−1 Å−1 at 1500 Å for a Salpeter IMF, a metallic-
ity Z = 0.004 (close to what is observed both in the emitting and
4 The error level is around 4.5×10−17 erg s−1 cm−2 Å−1.
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Fig. 13. X-shooter spectrum in the bottom of saturated lines at z > zdla (black, with error spectrum in grey). The orange dashed
curve raising at ∼ 3930-3940 Å shows the bottom of synthetic Voigt profile with log N(H i) = 22.10. The green spectrum is
the LBG composite spectrum from Kornei et al. (2010), scaled to match the integrated Lyα emission line. Note that the Lyα
emission line is commonly diminished in the blue for LBGs, resulting in the apparent shift of the composite Lyα line towards
redder wavelengths. Blue lines are synthetic stellar continua calculated with starburst99 (Leitherer et al., 1999), using a Salpeter
IMF, metallicity Z = 0.004, and continuous SFR = 25 M⊙ yr−1 since respectively, 100 Myr (dotted), 10 Myr (dashed), 1 Myr (solid).
Horizontal segments illustrate the mean fluxes in the corresponding regions. Note that in the case of the line at ∼4495 Å, the Lyα
absorption is partially blended with Si iv λ1402 from the DLA. The blended region (4497-4500Å) is therefore not considered to
compute the mean.
absorbing gas) and the Hα-derived SFR of 25 M⊙ yr−1 in about
100 Myr. This conclusion is little dependent on the adopted IMF
and exact value of the metallicity. The UV luminosity plateau
is much higher than what is observed, indicating that the star
formation in the galaxy is very recent. The predicted spectrum
at 107 yrs is still significantly higher than the observed spec-
trum while models at 106 yrs predict a flux below the observed
one (see Fig. 13). We recall however that we cannot correct for
dust extinction because the H β line is not available, meaning that
models can overpredict the observed flux for a given age. Since
the Lyα escape fraction is large, the metallicities are low and the
amount of dust along the QSO line of sight (i.e., very close to the
star-forming region) is small, we can assume that the effect of
dust on the UV continuum is probably not very large. The mean
flux in the saturated lines is 11±1.1×10−19 erg s−1 cm−2 Å−1,
while the systematic error due to sky subtraction is probably
much lower than that estimated above (from a single line in a
bluer region of the spectrum). This means that we likely detect
the galaxy continuum, as can also be seen directly from Fig. 13
where the red segments are systematically above zero (dotted
line). This exercise therefore gives us a rough estimate of the
age of the star-forming activity. Even allowing for a factor of 5
underestimate of the UV luminosity (due to dust extinction and
uncertainties in the sky subtraction), we find that the star for-
mation has been triggered <∼ 107 yrs before the rest-frame time
of the observation, with a enhanced population of massive stars.
This age is typical of what is seen in Lyα-selected LAEs at high
redshift (e.g. Pirzkal et al., 2007; Gawiser et al., 2007; Lai et al.,
2008; Finkelstein et al., 2009).
5. Modelling the galaxy counterpart
Unlike non-resonant lines like Hα, the Lyα line is not read-
ily fitted by, e.g., a Gaussian. Many processes dictate the shape
of the line, and as discussed in Sect. 4.2, analytical fits are
only available for the very simplest models, such as a spher-
ical, homogeneous, isothermal, dustless, static blobs of gas
(Dijkstra et al., 2006a). We must turn to numerical simula-
tions to build more realistic models. Resonant scattering being
stochastic in nature, so-called Monte Carlo simulations are an
obvious choice, where the journey of individual photons are
traced as they scatter their way out of a simulated or modelled
galaxy (e.g. Zheng & Miralda-Escude´, 2002; Tasitsiomi, 2006;
Verhamme et al., 2006; Laursen & Sommer-Larsen, 2007).
To this end, we apply the Lyα radiative transfer code
MoCaLaTA (Laursen et al., 2009a), including the effects of dust
(Laursen et al., 2009b), to a semi-realistic model galaxy. As dis-
cussed in Sect. 4.2, Lyα photons escaping from an expanding
agglomeration of gas tend to diffuse in frequency to the red side
of the line centre. Conversely, for collapsing gas the photons es-
cape more easily after having diffused to the blue side (see e.g.
Dijkstra et al., 2006a). Both scenarios are met in astrophysical
contexts, although by far most observed Lyα lines are charac-
terised by an asymmetric red wing (e.g. Venemans et al., 2005;
Nilsson et al., 2007; Tapken et al., 2007; Grove et al., 2009).
Here, we interpret the spatial separation of the blue and the
red part of the spectrum found in Sect. 4.3 as being caused by
a smooth, overall cold gas accretion, with a high, chiefly cen-
tral star formation giving rise to two jets of outflowing gas. The
galaxy is hence modelled as a sphere of gas existing in two
phases; warm, spherical neutral clouds of high gas and dust den-
sity, dispersed in a hotter and more tenuous inter-cloud medium
(ICM). Both the gas density of the ICM and the number den-
sity of clouds decrease exponentially from the centre. Two jets
of higher ionisation fraction are assumed to expel gas at high ve-
locities (as seen from the detached C iv components, see Fig. 10)
from near the centre and outward in opposite directions, while
the rest of the galaxy is characterised by a net small overall in-
fall of gas. We assume that there are no neutral clouds inside the
jets. The model is illustrated in Fig. 14.
A model galaxy is constructed on a grid of 5123 cells, each
cell being characterised by the following parameters: neutral
hydrogen density nHI, dust density nd, gas temperature T , and
three-dimensional bulk velocity v. The parameters are uniform
within a given cell. In essence, a large number of Lyα radiative
transfer (RT) calculations are conducted, and the favoured model
is then the one that at the same time reproduces reasonably well
not only the observed spectrum, but also the other observables
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Fig. 14. Graphical representation of the model galaxy: A num-
ber of cool, high-density, and dusty clouds (brown) are randomly
dispersed in a hotter and more tenuous inter-cloud medium of
exponentially decreasing density (red). Two jets of high ionisa-
tion fraction emerge in opposite directions (green) and the QSO
is observed along the line of sight passing within ∼ 1 kpc of the
galactic centre (dashed blue line).
we have at hand: i) a SFR of ∼ 25M⊙ yr−1, ii) a Lyα escape
fraction of ∼ 0.20, iii) the location of blue and red photons on
the sky seen in Figs. 11 and 12 with respect to the galactic cen-
tre given by the [O iii] emission, iv) a large H i column density
∼ 1022 cm−2 and colour excess E(B − V) ∼ 0.04 through the
whole system at the sightline toward the quasar, and v) a few
(∼ 8) clouds intercepted by the QSO line of sight, spanning a
velocity range ∼ [−100, 100] km s−1, as inferred from the metal
absorption lines (Fig. 4).
Many observational constraints we have on the physical pa-
rameters of the galaxy allow us to make a qualified estimate of
some of the input parameters of the model:
The inferred metallicity of [Zn/H] ∼ −1.1, together with the
depletion ratios from Sect. 3.2, give us an idea about the amount
of dust. Assuming again an SMC extinction law, and scaling the
extinction in each cell to the appropriate metallicity, provides nd.
The dust is assumed to scale also with N(H i), i.e. with a
reduced density in the intercloud medium (ICM). In this pic-
ture, dust is destroyed in regions where hydrogen is ionised.
Furthermore, the jet is assumed to be devoid of dust. Note, how-
ever, that since the largest part of the photons’ journey takes
place inside the high density clouds, the presence of dust out-
side the clouds does not have a strong impact on the RT.
Distributing the total H i column density to several clumps
implies an average cloud column density of the order of a few
1021cm−2. This provides a relation between cloud size and neu-
tral hydrogen density inside the clouds (e.g. for nHI ∼ a few
cm−3, the clouds should be a few hundred parsec across). The
extent of the [O iii] emission (of the order of 3 kpc, see Sect. 4.1)
constrains the physical size of the system.
The rest of the variables are estimated from known typ-
ical values. To find the best-fitting model, in principle an n-
dimensional grid of the n different parameters controlling the
RT could be constructed, running the RT calculations for every
model, and finding the best one through χ2 minimisation. This
Table 4. Model input parameters
Parameter Value
Box size 10 kpc
Galaxy radius 3 kpc
Number of clouds 4000
Cloud radii 150 pc
Cloud temperature 104 K
Cloud densitya 5 cm−3
Cloud/ICM metallicity 0.08 Z⊙
Cloud velocity dispersion 60 km s−1
Overall infall velocity 60 km s−1
Central ICM densitya 10−2 cm−3
ICM densitya scale length 2 kpc
ICM temperature 5 × 104 K
Jet inner radiusc 0.5 kpc
Jet outer radiusc 5 kpc
Jet terminalc velocity 400 km s−1
Total jet column densitya 5 × 1019 cm−2
Jet temperature 5 × 105 K
Jet opening angle 50◦
Jet directiond (0.25,−0.25, 1)
Lyα emission scale length 1.5 kpc
Notes. (a) All densities refer to neutral hydrogen only. (c) The gas ac-
celerates from 0 km s−1 to the terminal velocity going from the inner to
the outer radius of the jet. (d) Jet direction is in the coordinate system
where the observer is located at z = ∞ (or actually z = dL).
approach has already been followed, albeit for an outflowing
shell model of four parameters only. Verhamme et al. (2008) and
Schaerer et al. (2011) fitted observed Lyα profiles by modelling
the galaxies as a thin shell characterised by a column density
of homogeneously mixed gas and dust with some temperature
and expansion velocity. In our model, however, a much higher
number of parameters may be varied, and searching a param-
eter space this big is not feasible. Furthermore, as made clear
above we aim not only the fit the spectrum, but to reproduce
several observables. Consequently, instead, in practice we run a
large number of RT calculations with different initial conditions,
inspect the results visually, change slightly one or a few param-
eters which from experience are believed to be the appropriate
ones before running a new series, until a satisfactory set of re-
sults are obtained.
5.1. Results from modelling
The values used for the preferred model are given in Table 4.
With such a large number of parameters, of which many are to a
large extent degenerate, we have no aspirations of matching per-
fectly all of the mentioned observed quantities. Nevertheless, it
is striking that a relatively simple model manages to give mean-
ingful results.
Spectrum
The synthetic spectrum of the best model is seen in Fig. 15.
Although qualitatively the spectrum matches the observed spec-
trum reasonably, we have not been able to reproduce the appar-
ent shift of the trough between the Lyα peaks and the centroid of
other emission lines of around 200 km s−1. Since Lyα and Hα
are produced in the same regions, this shift is rather puzzling.
However similar shifts have recently been observed in several
systems by Kulas et al. (2012). As discussed by these authors,
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Fig. 15. Comparison of the simulated (red) and observed (black)
Lyman-α emission profiles. The spectra are shown in the rest
frame of the DLA at z = 2.2066.
complex geometry and velocity fields are needed to explain the
observed profile. This means that our model is probably still too
simplistic but increasing its complexity (and hence the number
of parameters) would be beyond the scope of this paper.
Taking into account the simulated escape fraction in the di-
rection of the observer (0.23), a SFR of 24 M⊙ yr−1 was needed
to fit the observed spectrum. These values are surprisingly well
consistent with the observed ones (see Table 3).
Spatial separation of the red and blue photons
Figure 16 shows the surface brightness (SB) map of the simu-
lated galaxy, along with the spectra extracted from two different
apertures.
The jet covers the lower right portion of the galaxy, and it
is seen that this effectively blocks blue Lyα photons from es-
caping. On the other hand, the slight infall onto the rest of the
galaxy skews the spectrum from that part toward being bluer.
Consequently, the different parts of the spectrum indeed seem to
escape at different locations on the sky. This SB map matches at
least qualitatively the spatial configuration inferred in Sect. 4.3.
These effects are also seen in Fig. 17, where for comparison
the system is also shown as it would look if observed from the
side. Here, it becomes obvious that an outflowing jet partially
covering the galaxy may be responsible for the separation of the
two parts of the spectrum. Interestingly, the dynamical age of
the winds is found consistent with the age of the star formation
activity.
Absorption properties along the QSO line of sight
Due to the stochasticity of the exact positions of the clouds in the
model galaxy, the line of sight towards the quasar may or may
not be representative of the system as a whole. To this end, 200
realisations of the favoured model have been carried out. This
way, we obtain confidence limits for the quantities “observed”
along the line of sight:
The number of clouds Ncl intercepted (either through the
centre or the outskirts of a cloud) by the sightline is 5.2 ± 2.2.
The corresponding total total column density through the galaxy
Fig. 17. RGB SB map of the system, as viewed from our di-
rection (left), as well as from the point of view of a fictional
observer located at 90◦ with respect to us. Photons escaping in
the wavelength regions [1210, 1215.25] Å, [1215.25, 1215.75]
Å, and [1215.75, 1222] Å are displayed in blue, green, and red,
respectively. The image is centred on the centre of the galaxy
(green asterisk, observationally given by the O iii emission), and
the position of the QSO is marked by a black plus sign. The po-
sitions on the sky of the red and blue photons of J1135−0010 as
inferred from triangulation are indicated by the red and blue
crosses, respectively. The axis scale is in kpc.
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Fig. 18. Random realisations of the Si iiλ1808 Å line observed
through the simulated galaxy along the line of sight towards the
quasar. A common b-parameter of 10 km s−1 has been assumed
for all clouds.
is then log N(H i) = 21.9±0.2 and the colour excess is E(B−V) =
0.037±0.015. These values are well consistent with the observed
ones.
By picking a few random realisation, having total hydrogen
column density close to the measured value and uniform metal-
licity, we generated simulated absorption profiles of Si iiλ1808.
These patterns resemble well the observed profile with well
defined components of comparable strengths in a rather com-
pact configuration (Fig. 4). This exercise further supports the
view that the neutral gas in DLAs may well be distributed over
the velocity components seen in the metal absorption profiles.
Because H2 is usually detected associated to only a few compo-
nents that constitute the metal profile (e.g. Petitjean et al., 2002;
Noterdaeme et al., 2007), this means that measured molecular
fractions (e.g. Petitjean et al., 2006) are lower limits to the ac-
tual value in the H2-bearing clumps (see also Noterdaeme et al.,
2010a; Srianand et al., 2011).
12
PN et al.: Discovery of a compact gas-rich DLA galaxy at z = 2.2: evidences for a starburst-driven outflow
Fig. 16. Surface brightness map of the model galaxy (left) and spectra (right) of the Lyα light within the two apertures indicated on
the left in blue and red. More red Lyα photons emerges from the jet, whereas the galaxy itself emits bluer Lyα light.
5.2. Degeneracies in the model
Obviously, since we have not scanned the full parameter space,
we cannot be entirely sure that we have found a unique solution
for the model, and indeed some parameters are to a certain extent
degenerate. However, in the process of finding the model that si-
multaneously matches all our observables we have tested several
hundred different models, and in the end it became apparent that
it was not possible to vary a given parameter much before one
or more of the fits was clearly poor. For instance, the same value
of N(H i) could be obtained using a smaller (larger) number of
higher (lower) density clouds. However, not only does this af-
fect ncl, but since most of the scatterings take place inside the
clouds, this will also affect the shape of the emerging spectrum.
Similarly, the amplitude difference of the two peaks could also
be obtained with larger (smaller) velocity difference between the
jet outflow and the overall infall of gas. However, this will af-
fect both the velocity pattern of the clouds and the Lyα escape
fraction.
Finally, we note that a separation of the blue and red photons
on the sky may in principle also be caused by rotation of the
whole system (see Fig. 8 of Zheng & Miralda-Escude´, 2002).
However, we aimed here at testing the picture first derived from
the observed absorption and emission properties of the DLA
galaxy (all consistent with a young outflowing starburst galaxy,
relatively compact and of low mass), and not to test possible ge-
ometries that only explain the Lyα emission alone.
6. Conclusion: implications for the DLA-galaxy
connection
At low and intermediate redshifts, galaxies of all spectral types
have been found associated to QSO absorption systems (e.g.
Le Brun et al., 1997; Bergeron & Boisse´, 1991; Steidel, 1995),
which were generally selected upon their Mg ii absorption lines.
While strong Mg ii are also likely DLAs (Rao et al., 2006), lit-
tle is known about the galaxies associated to bona-fide DLAs at
high redshift. Because of their selection upon the cross-section
of neutral gas only, we can expect that DLA arise from galaxies
with a large diversity of morphological types (see Battisti et al.,
2012, for recent results at low redshift). It is thus very impor-
tant to search for the associated galaxies and look for possible
trends between the properties of the absorbers and their associ-
ated galaxies to start drawing a coherent picture of DLA galax-
ies.
Considering the velocity width of low-ionisation metal pro-
files, Ledoux et al. (2006) proposed that DLAs with higher
metallicities are associated to more massive galaxies. This in-
terpretation led Fynbo et al. to select high metallicity DLAs to
search for associated galaxies. In three cases, DLA galaxies have
been found at respectively 6, 16 and 4 kpc (Fynbo et al. 2010,
2011, Krogager et al., in prep), demonstrating the efficiency of
the selection. Since there is some delay between the peak of star
formation and the injection of metals in the ISM, we can expect
that DLA galaxies selected this way have already passed through
an epoch of star formation (interestingly, the abundances of ni-
trogen and oxygen reveal a picture in which DLAs undergo suc-
cessive star bursts (Petitjean et al., 2008)). In addition, the large
H i extent of massive galaxies can explain the relatively large im-
pact parameters found for high-metallicity selected DLA galax-
ies (Krogager et al., in prep).
The velocity spread of low-ionisation metal lines (∆v ≈
180 km s−1) and the metallicity ([Zn/H]≈ −1.1) place the DLA
towards J1135−0010 in a intermediate regime on the metallicity-
velocity correlation observed by Ledoux et al. (2006). This is
consistent with the intermediate mass derived for the DLA
galaxy. We measure a high star formation rate of ∼ 25 M⊙ yr−1
at very small impact parameter from the QSO line of sight
(b ≈ 0.9 kpc). The SFR is much above the values measured
in a population of extended, low surface brightness Lyα emit-
ters, recently proposed to be the optical counterparts of DLAs
(Rauch et al., 2008). The Lyα luminosity is also much higher
than the average Lyα flux from DLAs obtained by stack-
ing several hundreds of DLA fibre spectra from the SDSS
(Rahmani et al., 2010) and the measured SFR is also well above
the limit obtained from searches of extended continuum emis-
sion of DLAs by Wolfe & Chen (2006). Clearly, the DLA galaxy
studied here lays at the high-luminosity end of the general DLA-
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galaxy population. It is therefore important to understand how
the absorption properties of the DLA can reveal the presence of
an actively star-forming galaxy at small impact parameter.
From the absorption point of view, the DLA studied here
has a relative metal and dust content typical of the general DLA
population. Clearly, what makes the DLA towards J1135−0010
different from other DLAs is the large H i column density which
is, to our knowledge, the largest ever measured along a QSO
line of sight. If intervening absorption systems follow some
kind of Schmidt-Kennicutt law (see e.g. Chelouche & Bowen,
2010), then we can expect that high column density systems are,
among different classes of absorbers, those most closely asso-
ciated with star-forming regions. Indeed, high surface density
is expected to trigger star formation (Schaye, 2004) since the
high column density H i gas can collapse into cold and molec-
ular gas subsequently feeding the star formation. According to
Schaye (2001), this could provide a natural explanation5 to the
steep slope seen in the H i-frequency distribution at high column
density (Noterdaeme et al., 2009b), though a dust bias against
high column density systems is not excluded (Pei & Fall, 1995).
In addition, high H i column density systems are fre-
quently seen at the redshift of long-duration gamma ray burst
(GRB) afterglows (e.g. Vreeswijk et al., 2004; Chen et al., 2005;
Berger et al., 2006; Jakobsson et al., 2006; Ledoux et al., 2009;
Fynbo et al., 2009). Because there is accumulating evidence that
these phenomena are connected to the death of massive stars
(see e.g. Galama et al., 1998; Bloom et al., 1999; Fruchter et al.,
2006), it is expected that GRB explosions occur in star-forming
regions. Interestingly, the DLA galaxy studied here also appears
to share some properties with at least a fraction of GRB host
galaxies: namely being a young compact star-forming galaxy
(see e.g. Savaglio et al., 2009; Levesque et al., 2010).
Selecting the most gas-rich DLAs could therefore be an ef-
ficient way to detect the associated galaxies at small impact pa-
rameter and during a period of active star formation. With the
steadily increasing number of known DLAs, especially thanks
to the SDSS (see Prochaska et al., 2005; Prochaska & Wolfe,
2009; Noterdaeme et al., 2009b) and soon to the ongoing Baryon
Oscillation Spectroscopy Survey (Eisenstein et al., 2011), we
can hope to test this hypothesis further in the near future.
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